International Guidelines for mineral bone disorders recommend that in Non Dialytic-Chronic Kidney Disease (ND-CKD) clinical decisions should be based on the trend of serum PTH changes over time rather than on a single value. However, the prognostic impact of these changes in ND-CKD patients remains unknown. We performed a multicenter cohort study in ND-CKD patients (stage 1-5) followed for 36 months in 24 Italian Nephrology Units. PTH changes (ΔPTH) were defined as the absolute differences between all available PTH measurements following the first control and basal value. Primary endpoint in this subanalysis was renal death (End-Stage Renal Disease (ESRD) or all-causes death before ESRD). Association between renal death and ΔPTH was assessed by time-dependent Cox model for repeated measurements. Out of the original cohort (N = 884), we selected 543 patients (66.3±15.4 ys, 58.4% males) with at least two serum PTH measurements. At baseline, eGFR was 36 (IQR: 22.4-56.8) mL/min/1.73m 2 and serum PTH 46 (IQR: 28-81) pg/mL.
Introduction
In non-dialysis chronic kidney disease (ND-CKD), serum levels of parathyroid hormone (PTH) progressively increase since the early stages of disease in order to preserve phosphate (P) homeostasis [1] . Indeed, nearly 20% of patients with GFR>60 mL/min/1.73m 2 have elevated PTH levels that further increase as renal function deteriorates [2] [3] [4] . This adaptive mechanism modifies renal prognosis as testified by several studies showing a strong association between high PTH and the risk of faster renal progression [5] [6] [7] [8] .
Current guidelines, recently updated [9] suggest that medical management of CKD-dependent Mineral Bone Disease (CKD-MBD) should be based on serial measurements of serum PTH and also therapeutic decisions should be based on trend rather than on a single laboratory value. However, this recommendation remains opinion-based being not supported by any clinical study assessing changes over time of calcium, phosphate or PTH. This is critical information, considering that fluctuations over time are expected due to either worsening of renal function or therapeutic interventions, such as dietary phosphate and protein intake restriction, vitamin D, calcium salts and phosphate binders. It is also important to highlight that the prognostic studies so far available in ND-CKD patients have examined associations between secondary hyperparathyroidism and adverse outcome exclusively based on the baseline serum measurements of MBD parameters and, therefore, not accounting for the changes over time [5] [6] [7] [8] .
To fill this gap of knowledge, we performed a prospective analysis in a cohort of patients with stages 1-5 CKD, regularly followed for 36 months in 24 Italian Nephrology units, and evaluated the prognostic effect of PTH change over time.
Methods

Study design
This is a multicenter observational prospective cohort study (IRIDE study) performed in ND-CKD patients afferent to 24 Italian Nephrology units from December 2010 to September 2014. The sample of patients afferent from each participating centre was extremely variable, ranged from 3 to 45 (median:30). The study was approved by Institutional Review Board and Ethical Committee of each participating center; according to local national regulations (first Ethics Committee approval was granted by the local Ethics Committee of "Azienda USL 10 di Firenze" on September the 9 th 2010). Patients gave written consent to use their clinical data. We enrolled adult patients affected by CKD from stage 1 to stage 5, according to criteria of KDIGO Guidelines [10] , followed in the clinic from at least six months. Exclusion criteria were advanced malignancy, advanced liver or heart failure and renal transplantation.
As described in previous papers [11, 12] , the sample size of the original cohort (N = 884) was calculated on the basis of prevalence of secondary hyperparathyroidism, expected to occur in approximately 40% of patients with stage 4 CKD over a 3-year follow-up period; patients with stage 4 CKD account for approximately 17% of the sample population on the basis of an appropriate questionnaire previously completed by participating Nephrology units. We estimated that 1,000 subjects would have allowed for an estimate of a 95% confidence interval for the frequency of each outcome in the most restrictive condition (50%) with ±1.6% precision, and that this sample would have allowed to examine also the results from each CKD stage.
Out of the original IRIDE cohort (N = 884 patients), we selected 543 patients with at least two measurements of serum PTH within the first year (Fig 1) . [15] . Proteinuria measured using the 24 hour collection (N = 481). Serum Ca was corrected for albumin levels.
PTH change and outcome
Our aim was to assess the association between change of serum PTH values from baseline and risk of renal progression. Longitudinal changes of serum PTH were calculated as the absolute difference between all available PTH values after the first assessment and the basal values (ΔPTH). In each single patient, the basal value of serum PTH was considered that measured at the first assessment within the first 12 months of FU. For each subject, ΔPTH was initially equal to 0 and was updated at each successive PTH assessment.
For example, if the patient had 3 evaluations at baseline and at 6 / 24 and 30 months, respectively equal to 100, 100, 120 and 70pg/mL, our variable of interest (ΔPTH) was 0 for six months, +20 in the following 18 months and -30 until end of follow up. Therefore for this patient, three ΔPTH (0, +20 and -30) and corresponding intervals (6, 18 and 6 months) were taken into account in the models.
Primary outcome in this sub-analysis was renal death, defined as a composite endpoint including ESRD (chronic dialysis or pre-emptive kidney transplantation) or all-cause death before ESRD, whichever occurred first. Patients were followed up from the day of baseline visit until September 30, 2014 ESRD or death before ESRD or for lost to follow-up censored on the date they had the last clinic visit. Local investigators contacted by phone patients missing two or more planned visits to ascertain vital status and start of ESRD. This latter event was subsequently confirmed by Regional Dialysis Registries.
Statistics
Continuous variables were reported as either mean and standard deviation (SD) or median and interquartile range (IQR) according to their distribution (assessed by using Shapiro-Wilk test). Intergroup comparisons were performed by means of one-way analysis-of-variance or Kruskal-Wallis test, as appropriate. Categorical variables were expressed as percentages and compared by Chi-square test. To examine changes over time of laboratory values, we used a within-subjects ANOVA test, whereas for non-parametric variables we assessed the changes using Skillings-Mack test, that is a general Friedman-type statistic that can be used in almost any block design with an arbitrary missing-data structure [16] .
A Generalized Linear Mixed Model with both fixed and random effects was fitted in order to assess which baseline variables were associated with changes of serum PTH over time (ΔPTH), using the compound symmetric as covariance structure, i.e. assuming that there is a correlation among separate measurements and that the correlation is constant regardless of how far apart the measurements are [17] .
To estimate the role of baseline PTH and its longitudinal changes over time on the renal death multivariable Cox proportional hazards model was used to estimate hazard ratio (HR) and 95% confidence interval (CI). Model was adjusted for baseline covariates (age, gender, diabetes, prior CV disease, hypertension, RAS inhibitors, serum total calcium and phosphate, PTH and proteinuria) identified a priori as possible confounders and stratified by CKD stages and cohort dimension. Then, we performed a model with the same baseline covariates, but adding ΔPTH, as both continuous and discrete (ΔPTH quartiles) time-varying dependent covariates. Indeed Cox model allows to analyze covariate information that change over time, with the hazard proportional to the instantaneous probability of an event at a particular time [18] .
To analyze non-linear association between continuous ΔPTH and renal death restricted cubic spline according to Harrell method was used [19] .
A two-tailed P value <0.05 was considered significant. Data were analyzed using STATA 11.2 (College Station, Texas USA).
Results
As illustrated in Fig 1, 543 patients were included into the analysis and 341 patients were excluded. Of note, the incidence rate of renal death in those patients excluded from this analysis were not different than those included, respectively 6.4 (CI 95%: 4.9-8.2) events per 1000 person-year vs 6.3 (CI 95%: 5.2-7.6) events per 1000 person-year (P = 0.940).
Demographic and clinical characteristics stratified by CKD stage are illustrated in Table 1 . Briefly, whole population (all white) was characterized by advanced age (46.8% of patients were aged 65-80 years and 15.5% over 80 years). Males were the majority of the population (58.4%). At baseline, eGFR was in median 36 (IQR: 22.4-56.8) mL/min/1.73 m 2 and proteinuria was 0.4 (0.1-1.1) mg/24h. The distribution by CKD stages was 21% in stage 1-2, 17% in stage 3a, 22% in stage 3b, 28% in stage 4 and 12% in stage 5. As expected, from earlier to more advanced stages of CKD, prevalence of hypertension, anemia and CVD progressively increased as the serum levels of PTH and phosphate. Hypertensive patients were all treated with at least one anti-hypertensive drug. Pharmacologic treatment of CKD-MBD over CKD stages at baseline are reported in Table 2 . Notably, prescription of nutritional Vitamin D did not change across CKD stages, whereas use of activated vitamin D progressively increased up to 4-fold from earlier to advanced CKD stages. Similarly, the use of calcium salt and non-calcium containing 
Survival analysis
During follow-up (median 36 months IQR: 33-37 months), no significant difference in serum levels of PTH was detected (p = 0.08). In these patients we registered a reduction of eGFR (p<0.0001) and a raise of serum phosphate (p<0.0001) in the absence of changes of serum calcium. ΔPTH over time was in median 0 (IQR: -18/18) pg/mL. The generalized linear mixed model showed that higher serum phosphate, CKD stages 3b-5 and lower serum PTH at baseline were associated with an increased risk to have a positive ΔPTH over time (Table 3) . During follow-up we registered 114 renal deaths (82 ESRD events, all initiation of chronic dialysis, and 32 overall-cause deaths before ESRD). Incidence rates were 4.5 per 1000 patient year (95% CI, 3.6 to 5.6) for ESRD and 1.8 per 1000 patient-year (95% CI, 1.3 to 2.6) for death before ESRD. Cox analysis showed that basal serum levels of PTH and phosphate and proteinuria were main modifiable predictors of renal death (Model 1 in the Table 4 ). When we added to the model containing baseline variables ΔPTH quartiles (Model 2 in Table 4 ), as discrete timevarying covariate, we found a graded association with the risk of renal death that became significant for the highest ΔPTH quartile (>18 pg/mL; P = 0.026).
The importance of PTH changes over time was confirmed when using ΔPTH as continuous time dependent variable. Restricted cubic spline with four knots showed that HR for renal death increased in a linear fashion with the increment in ΔPTH (Fig 2; P value for non-linear association: 0.805) and linear ΔPTH was significantly associated with renal death (HR:1.02; C. I.:1.01-1.04 for every 10 pg/mL; p = 0.004).
We performed a sensitivity analysis by excluding CKD stage 1-2 from Cox analysis. In this sub cohort (N = 428 patients), the risk for renal death was not different from that observed in whole cohort (HR:1.04; C.I.:1.02-1.06 for every 10 pg/mL; p<0.001). Finally, we performed a further sensitivity analysis showing that ΔPTH was independently associated with ESRD alone (HR for ESRD: 1.02 95% C.I.: 1.00-1.04; P = 0.019).
Discussion
In a cohort of 543 patients in stage 1-5 CKD regularly followed in 24 Italian Nephrology units we found that serum increment over time of PTH heralds worst renal outcome. More specifically, we examined the association between renal death and the longitudinal changes within the same subject of serum PTH with respect to baseline value (ΔPTH). In particular, we observed that risk progressively rose, as ΔPTH increased, independently from the well-known cardio-renal risk factors related to CKD.
These findings are relevant for two main reasons. First, in ND-CKD patients serum PTH may change frequently due to the deterioration of kidney function over time and unmodified phosphate intake, as GFR deteriorates. In fact, to maintain homeostasis of phosphate, renal function of the diseased kidney must undergo adaptive changes, through the decrement in tubular reabsorption of phosphate, that prevent a rise in the serum phosphate until advanced deterioration of renal function occurs [1] . However, as Bricker proposed in his "trade-off hypothesis" [20] , a biologic price is paid for these adaptive changes, with the development of secondary hyperparathyroidism that is mainly caused by phosphate retention. Furthermore, nephrologists' management of CKD-MBD includes the implementation of low protein and phosphate diet and the use of drugs, such as analogues of vitamin D, phosphate binders and calcium salt, that affects greatly serum PTH. Because our study was carried out in tertiary care, this aspect becomes essential, as evidenced by large use of CKD-MBD therapeutic agents at baseline (Table 2) .
In a similar scenario, the use of statistical methods for time-to-event data that can incorporate time-dependent covariates is mandatory [21] . In particular, time-dependent Cox models represent a more appropriate tool to evaluate the longitudinal prognosis in chronic patients, since this model offers the opportunity to associate changes in exposure over time (time varying covariate) with outcome. Therefore this model can properly answer the critical question on how longitudinal changes in serum PTH versus baseline can affect the prognosis [22, 23] . To our knowledge, this is the first time that this statistical method was used to assess the effect of longitudinal PTH changes in ND-CKD patients. A similar method was used by Kalanthar-Zadeh et al. in a cohort of about 58,000 patients on maintenance HD [23] . Those authors examined the associations between survival and changes in blood concentrations of quarterly mean PTH (as 8 categories: <100, >700 pg/mL and six 100 pg/mL groups inbetween), using either time-dependent Cox models with repeated measures or fixed-covariate Cox models with only baseline values [23] . We have similarly examined the effect on renal death of fixed covariates measured at baseline and then adding ΔPTH, as both continuous and discrete (quartiles) time-dependent covariate.
When we considered fixed covariates measured at baseline, we found that higher serum PTH associated with an increased risk of renal death, as already reported in diverse ND-CKD cohorts, [5] [6] [7] [8] [24] [25] [26] [27] [28] [29] [30] [31] . The novel finding of our study is that when time-varying ΔPTH was added into the model, the longitudinal increment of serum PTH acted as a predictor of renal death independent of basal fixed covariate, i.e. older age, CKD stage, serum levels of PTH and phosphate, and, more important, independently from proteinuria, that is considered the main risk factor of CKD progression [32] .
Noteworthy, we found that an increment of serum PTH over time was predicted by elevated levels of serum phosphate and more advanced CKD stages. These findings are consistent with pathogenic hypothesis that higher levels of serum phosphate stimulates directly the PTH secretion, as GFR decreases [33] . Furthermore, as previously reported, serum PTH levels rose from stage 1-2 to stage 5 [2] [3] [4] . Nevertheless early alterations of serum PTH are seldom detected at these stages of CKD and no recommendations are given for its management and prevention [9] . Indeed, we did not register any outcome in earlier stages suggesting that at these levels of CKD the effect on renal prognosis is probably of minor entity, as confirmed by sensitivity analysis in a sub-cohort of patients with GFR < 60 mL/min/1.73 m 2 . However, the relatively low number of renal outcomes in our study may be consequent to a limited follow up; indeed, previous work in a large community without renal insufficiency has reported that elevated plasma levels of PTH can account for 20% of the population-attributable risk proportion for CV mortality, indicating that elevated serum PTH may have a significant prognostic effect even in the absence of renal dysfunction [34] .
Noteworthy, CKD patients with low and stable PTH levels may have Adynamic Bone Disease (ABD), that is associated with higher CV risk possibly dependent on increased vascular calcifications [35] . This is in apparent contrast with our findings. However, ABD is more common in dialysis patients, especially in those with advanced age, diabetes and undergoing high calcium load. On the other hand, low rate of death observed in the 3 years of FU did not allow to assess adequately this specific issue.
This study has several limitations. First, the observational design does not allow an interpretation of results in causal terms and we cannot draw any conclusion about the role of treatment on the PTH change. Second, we cannot generalize our findings to unreferred patients or to ethnic groups other than Caucasians. However the criteria to select CKD patients in stages 1-5 from Nephrology units distributed over almost the entire Italian territory, may be considered representative of Italian CKD population. Third, we cannot exclude survival bias that may be present in referred cohorts and selection bias (we excluded about 38% of original cohort); though incidence rates of renal death of patients excluded were not different than those included into the present analysis. Fourth, the cohort is made for 63% of elderly patients (>65 years) that may greatly affect the renal prognosis of these patients [30] ; however, this cohort is a real picture of CKD population referred to nephrologists [29] [30] [31] . Finally, data on protein and phosphate intake were not collected [36] .
In conclusion, the increment in serum PTH over 36 months represents an independent risk factor for renal death in ND-CKD patients. This finding provides a formal support to current guidelines that indicate the need of repeated measurements of serum PTH to better stratify the risk of CKD patients. Our data also highlight the importance of implementation in Nephrology research of statistical models with time dependent covariates in order to better define the prognosis of CKD patients [37] Supporting information S1 dataset. Complete dataset.
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